The radula is the central foraging organ and apomorphy of the Mollusca. However, in contrast to other innovations, including the mollusk shell, genetic underpinnings of radula formation remain virtually unknown. Here, we present the first radula formative tissue transcriptome using the viviparous freshwater snail Tylomelania sarasinorum and compare it to foot tissue and the shell-building mantle of the same species. We combine differential expression, functional enrichment, and phylostratigraphic analyses to identify both specific and shared genetic underpinnings of the three tissues as well as their dominant functions and evolutionary origins. Gene expression of radula formative tissue is very distinct, but nevertheless more similar to mantle than to foot. Generally, the genetic bases of both radula and shell formation were shaped by novel orchestration of preexisting genes and continuous evolution of novel genes. A significantly increased proportion of radula-specific genes originated since the origin of stem-mollusks, indicating that novel genes were especially important for radula evolution. Genes with radula-specific expression in our study are frequently also expressed during the formation of other lophotrochozoan hard structures, like chaetae (hes1, arx), spicules (gbx), and shells of mollusks (gbx, heph) and brachiopods (heph), suggesting gene co-option for hard structure formation. Finally, a Lophotrochozoa-specific chitin synthase with a myosin motor domain (CS-MD), which is expressed during mollusk and brachiopod shell formation, had radula-specific expression in our study. CS-MD potentially facilitated the construction of complex chitinous structures and points at the potential of molecular novelties to promote the evolution of different morphological innovations.
Introduction
Evolutionary innovations can promote the origin and subsequent diversification of emerging lineages, and thus represent a central subject of evolutionary biology (Hunter 1998; Galis 2001; Shubin et al. 2009; Wagner and Lynch 2010; Erwin 2015) . Understanding the genetic underpinnings of evolutionary novelties is essential for understanding the origin and evolutionary trajectories of both novelties and the respective lineages (Shubin et al. 2009; Hall 2012; Erwin 2015) . The radula (rasping tongue) is the central foraging organ and innovation of the Mollusca, which make up one of the most specious animal phyla (Ponder and Lindberg 2008; Rosenberg 2014) and have successfully colonized habitats ranging from mountain peaks to deep sea vents (Brusca and Brusca 2003) . Although mollusks exhibit an outstanding diversity of different body plans (Sigwart 2017) , the radula has only been lost in one major lineage, the filter-feeding Bivalvia. Adaptation of the radula allowed mollusks to develop a multitude of foraging strategies including predation, herbivory, scavenging, detritivory, and filter-feeding. Especially within gastropods, the radula underwent remarkable adaptive evolution leading, for example, to the toxoglossan harpoon-like teeth of predatory cone snails (Shimek and Kohn 1981; Kantor and Puillandre 2012) . Diversification of the radula was further suggested as a key character of trophic specialization in the course of adaptive radiations of the freshwater snail Tylomelania (von Rintelen et al. 2004 Rintelen et al. , 2010 Glaubrecht and von Rintelen 2008) . The radula has sparked the interest of not only evolutionary biologists but also of material scientists (Brooker and Shaw 2012; Ukmar-Godec et al. 2015) , since the self-sharpening chiton radula teeth represent the hardest biomineralized structure known to date (Weaver et al. 2010) . Nonetheless, the genetic basis of radula formation remains poorly characterized (but see Samadi and Steiner 2010; Nemoto et al. 2012) .
The radula develops as a ventral outpocketing of the foregut (Page 2002; Page and Hookham 2017) and is usually made up of numerous rows of teeth, which are situated on a cuticular ribbon, the radular membrane (Runham 1963; Kerth 1973; Wiesel and Peters 1978; Mackenstedt and M€ arkel 1987) . Since the radula is worn down anteriorly, it is continuously produced by the odontoblast cell group, which is situated at the caudal end of the radular sack (Runham 1963; Kerth 1973; Wiesel and Peters 1978; Mackenstedt and M€ arkel 1987) . Coordinated cyclical secretion of tooth matrix by groups of odontoblasts defines size and shape of the developing teeth (Kerth 1973; Mackenstedt and M€ arkel 1987) . The tooth matrix mainly consists of densely packed chitin fibers and so far unexplored nonchitinous macromolecules (Peters 1972; Sone et al. 2007 ). Mineralizing cells of the superior epithelium integrate organic and inorganic compounds into the matrix to harden and, in some cases, mineralize the teeth as they migrate toward the buccal cavity (Mackenstedt and M€ arkel 1987; Cruz et al. 1998; Sone et al. 2007; Weaver et al. 2010; Brooker and Shaw 2012) . Thus far, very little is known about the genetic underpinnings of radula formation, but alkaline phosphatase and the ParaHox gene Gsx were reported to be expressed during radula development (Samadi and Steiner 2010; Hohagen and Jackson 2013) and Nemoto et al. (2012) identified six proteins in tooth cusps of the giant pacific chiton.
Both the radula and the shell, which represents another prominent molluscan innovation, are based on a chitinous matrix. However, in contrast to the radula, considerable effort was put into investigating the genetic basis of shell formation (Jackson et al. 2006; Bai et al. 2013; Harney et al. 2016; Vendrami et al. 2016) . The mollusk shell is continuously produced by the mantle and composed of the periostracum and two to five calcified layers (Marin et al. 2012) . Although the organic matrix comprises only 0.1-4% of the total shell weight, it is essential for mechanical properties and controlled mineralization (Lowenstam and Weiner 1989; Marin et al. 2008 Marin et al. , 2012 Marin et al. , 2013 . It is mainly composed of chitin and a large variety of proteins and proteoglycans (Peters 1972; Marin et al. 2008 Marin et al. , 2013 Fern andez et al. 2016 ) that are rich in repetitive low complexity domains (Kocot et al. 2016; Aguilera et al. 2017) . Mantle secretomes evolve rapidly, and can differ tremendously, even between closely related species (Jackson et al. 2006 (Jackson et al. , 2010 Aguilera et al. 2014 Aguilera et al. , 2017 Kocot et al. 2016) . Genes involved in shell formation include both deeply conserved components and a large number of lineage-specific genes (Jackson et al. 2006; Jackson and Degnan 2016; Aguilera et al. 2017; Feng et al. 2017) . The peripheral position of secreted proteins in gene regulatory networks (GRN), which allowed co-option and loss of genes, as well as gain, loss and shuffling of domains in shell proteins were suggested to promote the rapid evolution of mantle secretomes Kocot et al. 2016; Aguilera et al. 2017) . Phylostratigraphic analyses further indicate that both novel orchestration of ancient genes, that is, changes in expression level or composition of pre-existing genes within a GRN, and ongoing evolution of novel genes contributed to the genetic basis of shell formation (Aguilera et al. 2017) .
In summary, although very different in detail, shell and radula are both molluscan innovations based on partly chitinous matrices that can be mineralized. Both first evolved in early mollusks and subsequently underwent remarkable diversification. Here, we present the first radula building tissue transcriptome and compare it to transcriptomes of mantle edge and foot muscle of the same species to investigate the genetic basis of radula formation. Foot muscle was chosen as reference tissue, because it enables comparisons between mollusk innovations and an older, not mollusk-specific tissue. Additionally, it allows exclusion of genes, which are not related to shell formation but expressed by muscle cells in the mantle. The foot further contains a collagenous extracellular matrix, which allows excluding genes that are not specifically employed for radula and shell formation, but generally needed to produce any extracellular matrix. We identify specific and potentially shared genetic underpinnings of shell and radula formation and compare patterns of their evolutionary origin using the viviparous freshwater snail Tylomelania sarasinorum (Kruimel 1913) . Tylomelania sarasinorum was chosen because it is a representative member of the adaptive radiations in the ancient lakes of Sulawesi, Indonesia (von Rintelen et al. 2012) , which gave rise to impressive radula and shell diversities (von Rintelen et al. 2004 (von Rintelen et al. , 2010 . Our analyses indicate that the genetic underpinnings of both innovations were based on similar patterns of ongoing evolution of novel genes and novel orchestration of ancient gene sets. However, evolution of novel genes since the last common ancestor of mollusks likely played an especially important role for the evolution of the radula. Despite very distinct overall gene expression, some central transcription factors were employed for both radula and shell formation. Additionally, some genes with radula-specific expression are known to be involved in the formation of other lophotrochozoan hard structures, suggesting gene co-option for tissue patterning and hard structure formation. Thus, genes underlying radula formation in mollusks may have played a significant role for the evolution of other lophotrochozoan innovations as well.
Results

Sequencing and Transcriptome Assembly
Tissue samples from mantle, radula, and foot of 19 adult T. sarasinorum were pooled into four biological replicates (Pool1-4) for each tissue, and RNAseq was conducted to gain insight into gene sets expressed in these tissues. Sequencing generated 561 million 150-bp paired-end reads, and the initial assembly with Trinity (Grabherr et al. 2011; Haas et al. 2013 ) consisted of 315,700 sequences classified as genes and 93,017 isoforms (table 1) , which is in line with previously published deep-sequenced mollusk transcriptomes (De Oliveira et al. 2016; Harney et al. 2016) . The transcriptome N50 was 729 bp regarding only the longest isoform per gene and 1,300 bp when considering all contigs. BUSCO v1.1b1 (Simão et al. 2015) , a program that searches for singlecopy orthologs that are conserved among metazoans, indicated high completeness of the assembly. In a data set with only the longest isoform per gene, 90% of the conserved single-copy orthologs were present in full length. Despite the high number of transcripts, BUSCO suggested low redundancy of the assembly (table 1). Pool1 was excluded from further analyses, because hierarchical clustering and PCA identified mantle and radula of pool1 as outliers. For the three remaining pools, transcripts were filtered by expression level, using a threshold of FPKM ! 1 (one mapped fragment per Novel Genes, Ancient Genes, and Gene Co-Option . doi:10.1093/molbev/msy052 MBE kilobase of transcript per million mapped reads). Remaining transcripts were clustered based on sequence similarity, reads remapped, and transcripts again filtered by expression (FPKM ! 1). The final assembly consisted of 105,718 genes with an N50 of 1,740, and BUSCO (Simão et al. 2015) indicated both high completeness (89%) and low redundancy (8.4%) (table 1).
Expression Analyses
All biological replicates clustered tightly together in both PCA and hierarchical clustering performed on expression data of all genes in the final assembly, that is, without any a priori assumptions concerning group affiliation (supplementary figs. 2 and 3, Supplementary Material online). While 32% (n ¼ 33,928) of all genes in the assembly were expressed (FPKM ! 1) in all tissues, 44% (n ¼ 46,568) were expressed only in a single tissue. Housekeeping genes, which are expressed across all tissues, can contribute differentially to transcriptomes of different tissues, because they make up larger proportions of transcriptomes with fewer expressed genes. To avoid confusion of transcriptome size (number of expressed genes) with transcriptome specificity when comparing transcriptomes, we focus on genes that are not universally expressed (NUE), that is, not expressed in all tissues investigated. Figure 1 illustrates the expression of NUE genes across the three tissues. In contrast to the foot muscle, which shared a considerable proportion of its NUE genes with the mantle (59%), radula forming tissue had a very distinct expression pattern ( fig. 1 ). Although the radula sac expressed a lower total number of genes than the other tissues (n ¼ 49,114), it had high specificity, with 57% (n ¼ 8,628) of its NUE genes expressed in no other tissue. Radula shared more than twice as many NUE genes with mantle (n ¼ 4,769) than with foot (n ¼ 1,789). The mantle transcriptome had the largest total number of transcribed genes (n ¼ 84,319), which included both a large number of genes that were not expressed in other tissues (n ¼ 26,958), as well as a large overlap of NUE genes with foot tissue (n ¼ 18,664). Foot had fewer NUE genes (n ¼ 31,435) than mantle (n ¼ 50,418), but expressed more genes (n ¼ 65,363) than radula tissue. Differential expression analyses revealed differentially expressed (P 10
À5
; fold change ! 4) gene sets between tissues, and cutting the hierarchical clustering tree at 50% of its height resulted in 5 clusters named I-V, based on overall expression patterns ( fig. 2) . Figure 2 depicts differentially expressed genes that were clustered based on their expression across the three tissues, while figure 3 shows cluster-wise gene expression across all samples. One cluster (I) was made up of genes that were primarily overexpressed in foot tissue, while genes overexpressed in radula (IV, V) and mantle (II, III) were split into one moderately and one extremely differentially expressed cluster each (figs. 2 and 3).
Annotation
Transcripts were functionally annotated with the Trinotate annotation pipeline (https://trinotate.github. io/). Most sequences remained without functional annotations, which has also been reported in previous mollusk studies (Harney et al. 2016 ). In our case, 29% (n ¼ 31,128) of all genes could be annotated, while gene ontologies could be assigned to 15% (n ¼ 16,248) of all genes based on Pfam domains and BLAST hits.
Gene Ontology Enrichment
To assess overrepresented molecular functions (MF), biological processes (BP), and cellular components (CC) of gene products in each differentially expressed gene cluster (I-V), 
Foot Transcriptome Is Dominated by Muscle Functions
Cluster I, which primarily consisted of transcripts overexpressed in foot tissue, was enriched in comparatively few BP (n ¼ 7), which were frequently related to muscle function like "sarcomere organization" and "cholinergic synaptic transmission" (supplementary table 2 Mantle Transcriptome Is Dominated by Shell-Related Binding, Transport, and Regulation
The moderately differentially expressed mantle cluster II was enriched in diverse terms (n ¼ 60) including "ion transport" and other likely shell formation related processes like "extracellular matrix organization" (supplementary table 2 and fig. 4 , Supplementary Material online). Cellular components assigned to cluster II that were significantly enriched included "extracellular region" and "extracellular space," while enriched MF included transporter related functions and metal-, carbohydrate-, and chitin binding. The extremely differentially expressed mantle cluster III was not significantly enriched in any GO-term.
Radula Transcriptome Is Dominated by Vesicular Secretion, Chitin, and Aminoglycan Metabolism
The moderately differentially expressed radula cluster IV had many and diverse enriched BP (n ¼ 88) including
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FIG. 2. Heatmap of hierarchically clustered differentially expressed (P 10
À5
) genes. Genes are displayed as horizontal lines across samples (columns). Genes with more similar expression cluster together. Overexpressed genes in a sample are colored yellow, while underexpressed genes are displayed in purple. Clusters generated by cutting the hierarchical clustering tree (left) at 50% of its height are indicated by roman numerals (I-V) on tree branches and black and white boxes (right).
Novel Genes, Ancient Genes, and Gene Co-Option . doi:10.1093/molbev/msy052 MBE "vesicle-mediated transport," "chitin metabolic process," and "growth" (supplementary table 2 and fig. 4 , Supplementary Material online). While enriched CC were frequently linked to vesicular secretion ("membrane-enclosed lumen," "brush border"), enriched MF included chitin-, protein-, and ion binding. Genes of the extremely overexpressed radula cluster V had few (n ¼ 6), but at the same time the most significantly enriched BP. Enriched BP and MF were related to amino-sugar metabolism like "carbohydrate derivative metabolic process" and "aminoglycan metabolic process." The only enriched CC was "extracellular region."
Tissue-Specific Genes
Tissue-specific genes were determined, based on their expression across the three tissues in this study. The number of genes that met our criteria for "tissue-specific" (FPKM ! 1 in all replicates, fold change ! 32, and P 10 À10 against both other tissues) and "strictly tissue-specific" (FPKM ! 2 in all replicates, fold change ! 32, and P 10 À100 against both other tissues) differed widely between tissues. Radula had 606 and 99, Mantle 576 and 22, and foot tissue 169 and 0 tissue-specific and strictly tissue-specific genes, respectively. The shared genetic basis of radula and shell formation consisted of 66 genes that were overexpressed in both radula and mantle tissue (fold change ! 4 and P 10 À5 ) in comparison to foot muscle. As was expected, well-known muscle genes had foot-specific expression. Foot-specific genes encoded, for example, myosin heavy chain, myosin essential light chain, paramyosin, and troponin T. Genes found in the remaining gene sets are presented in more detail in the following sections.
Mantle-Specific Genes Include Conserved Genes Involved in Biomineralization
Mantle-specific genes included genes that were already known to be essential for mollusk shell formation, which supports the validity of our approach. The four strictly mantle-specific genes that could be annotated encoded putative ferric-chelate reductase 1, a peroxidase, and a secreted tyrosinase-like protein. Another tissue-specific mantle transcript encoded carbonic anhydrase, and two were annotated as alkaline phosphatases. Additionally, two mantle-specific R a d u la 2 R a d u la 3 R a d u la 4 M a n tl e 2 M a n tl e 3 M a n tl e 4 F o o t 2 F o o t 3 F o o t 4 R a d u la 2 R a d u la 3 R a d u la 4 M a n tl e 2 M a n tl e 3 M a n tl e 4 F o o t 2 F o o t 3 F o o t 4 R a d u la 2 R a d u la 3 R a d u la 4 M a n tl e 2 M a n tl e 3 M a n tl e 4 F o o t 2 F o o t 3 F o o t 4
Cluster IV Cluster II Cluster III Cluster I Cluster V centered log2(fpkm+1) centered log2(fpkm+1) R a d u la 2 R a d u la 3 R a d u la 4 M a n tl e 2 M a n tl e 3 M a n tl e 4 F o o t 2 F o o t 3 F o o t 4 R a d u la 2 R a d u la 3 R a d u la 4 M a n tl e 2 M a n tl e 3 M a n tl e 4 Genes overexpressed in the foot were primarily grouped in cluster I. Cluster II and III are moderately and extremely differentially expressed mantle clusters, respectively. Similarly, genes overexpressed in the radula were split into one moderately overexpressed cluster IV and one extremely overexpressed cluster V.
Hilgers et al. . doi:10.1093/molbev/msy052 MBE transcripts produced significant BLAST hits against the nacre protein perlucin, which nucleates growth of calcium carbonate crystals (Blank et al. 2003) . Mantle-specific transcription factors included the homeobox protein goosecoid, which is also involved in larval shell field patterning (Lartillot, Le Gouar, et al. 2002) , and pax6, which has conserved expression in the developing and adult nervous system and eyes of mollusks ).
Many Radula-Specific Genes Are Known from Foregut Development or Hard Structure Formation Radula-specific genes primarily comprised genes that are also known to be involved in foregut development or hard structure formation. Tooth matrix forming genes included a Lophotrochozoa-specific chitin synthase (PF03142.12) with a myosin head motor domain (PF00063.18) that is also involved in mollusk and brachiopod shell formation (Weiss et al. 2006; Marin et al. 2008; Luo et al. 2015) . Hephaestin (heph), a ferroxidase needed for efficient iron transport in vertebrates (Petrak and Vyoral 2005) , which is also employed for skeletogenesis in corals (Ramos-Silva et al. 2014) , and mollusk as well as brachiopod shell formation (Liao et al. 2015; Luo et al. 2015 ) also had radula-specific expression. Radulaspecific transcripts further encoded the classic notch responsive gene hes1 and aristaless-related homeobox protein arx, which are both involved in morphogenesis of chitinous bristles, referred to as chaetae, in brachiopods and annelids (Schiemann et al. 2017) . Furthermore, two fork head box transcription factors that were most similar to foxA and foxL1, which are involved in lophotrochozoan foregut development (Boyle and Seaver 2008; Shimeld et al. 2010; , as well as gbx, which is involved in brain regionalization and shell field patterning in mollusks , had radula-specific expression. Finally, otx, which is known to be involved in eye maturation and brain development in mollusks and annelids (Steinmetz et al. 2011; Buresi et al. 2012 ) and has conserved expression in larval mouth regions across bilaterians (Arendt et al. 2001) , had radulaspecific expression in our study.
Shared Expression of Genes during Radula and Shell Formation
The T-box gene brachyury (bra) is expressed during larval foregut development (Arendt et al. 2001; and shell field patterning in gastropods (Lartillot, Lespinet, et al. 2002; Jackson and Degnan 2016) . Although bra was expressed during both radula and shell formation, it was highly significantly overexpressed in the radula. Commonly expressed genes during radula and shell formation further included the lophotrochozoan paired box gene paxb, which has only recently been discovered and has primarily been associated with CNS development (Schmerer et al. 2009; Scherholz et al. 2017) . Additionally, ets1, a conserved transcription factor with a variety of functions, including a role in gene regulatory networks upstream of skeletogenesis in echinoderms and vertebrates (Raouf and Seth 2000; Sharma and Ettensohn 2010; Rafiq et al. 2014) , was expressed during radula and shell formation. Both radula and shell further shared expression of a member of the solute carrier family 22, the actin binding and brush border cytoskeleton organizing villin, and a chitinase. Finally, some genes involved in cell-cell recognition, adhesion, and signaling were shared between both tissues, including two protocadherins, an innexin, a molluscan insulin related peptide, and a Nemo-like kinase.
Origin of Tissue-Specific Genes
To investigate and compare the evolutionary origin of important genes in each tissue, genes that were identified as tissuespecific were searched in a database of predicted proteins of 21 genomes across the tree of life. We focused our analyses on genes for which at least one significant BLAST hit (E-value 10 À10 ) was returned. The percentage of tissue-specific genes for which putative homologs were found in other species differed between tissues and ranged from 29% (radula) to 35% (foot). In contrast, significant BLAST hits were found for only 18% of all expressed genes. Figure 4 shows gene origin (in %) of tissue-specific gene sets across nine phylostrata in comparison to the background gene origin. The origin of most tissue-specific genes that were found in at least one other genome predates the evolution of the Mollusca (fig. 4) . Nonetheless, irrespective of the method applied to correct for multiple testing, a two-tailed hypergeometric test indicated that a significantly higher than average proportion of radula-specific genes originated in all phylostrata since the emergence of stem-mollusks. Mantle-specific genes showed a trend of increased gene origin in multiple phylostrata, which was, however, only significant in stem-gastropods. Additionally, a significantly lower than average proportion of radula-specific and mantle-specific genes originated between the emergence of cellular life and the origin of the eukaryotes. Foot-specific genes showed a trend of higher than average gene origin in stem-Metazoa, and less pronounced following the origin of stem-Protostomia, but never deviated significantly from background gene evolution.
Genes with radula-specific expression that were predicted to have originated in stem-Mollusca and stem-Gastropoda predominantly encoded chitin binding proteins, which occurred less frequently in other phylostrata and tissues ( fig. 5  and supplementary fig. 5, Supplementary Material online) . Additionally, two radula-specific genes that originated in stem-mollusks had EGF-like and delta serrate ligand domains (supplementary table 3, Supplementary Material online), suggesting that they likely encode notch ligands.
Discussion
Understanding the genetic underpinnings of evolutionary novelties is a central, yet difficult to achieve, goal in evolutionary biology. However, in recent years, it has been aided tremendously by massively parallelized sequencing, and RNAseq has successfully been employed to investigate gene expression underlying various complex innovations (Manousaki et al. 2013; Whittington et al. 2015; Babonis et al. 2016; Santos et al. 2016; Aguilera et al. 2017) . Here, we used RNAseq to investigate the genetic basis of radula formation, a central molluscan innovation, and compare it to Novel Genes, Ancient Genes, and Gene Co-Option . doi:10.1093/molbev/msy052 MBE the genetic basis of a second prominent molluscan innovation, the shell.
Expressed Genes and Enriched Functions Match Previously Known Tissue Functions
We first investigated dominant functions in clusters of genes that were differentially expressed between tissues. In general, enriched biological processes and molecular functions corresponded to known tissue functions. Muscle genes dominated in the foot cluster, ion transport, and extracellular structure development were enriched in the shell building mantle, and radula clusters were dominated by genes associated with vesicle mediated secretion, chitin, carbohydrate, and aminoglycan processing. Enrichment of GO-terms related to developmental processes like "developmental process" in the mantle and "growth" in the radula could be explained by the presence of more proliferative tissue in radula and shell building tissues (Mackenstedt and M€ arkel 1987;  
FIG. 4.
Evolutionary origin of tissue-specific genes. Phylostratigraphic analyses reveal evolutionary origin (in percent) of radula-specific (red), mantle-specific (blue), and foot-specific (green) genes in comparison to the origin of all genes included in the final assembly (black) across nine phylostrata. Only genes for which at least one significant BLAST hit was returned were included in this analysis. Asterisks indicate in which phylostrata gene origin of tissue-specific gene sets differed significantly (* 0.05; ** 0.01; *** 0.001) from background gene origin according to a two-tailed hypergeometric test with correction for multiple testing using either Bonferroni or the false discovery rate (FDR). Asterisks have similar coloration to the graph of the gene sets they refer to (radula-specific, red; mantle-specific, blue; foot-specific, green). Fang et al. 2008) . In contrast to the radula, the mantle fulfills diverse functions, which is also apparent on the gene expression level, as it includes the largest number of expressed genes and a variety of enriched functions. The larger number of commonly expressed genes expressed in both mantle and foot in comparison to the transcribed gene sets that either tissue shares with the radula is likely due to nervous tissue and muscle cells in mantle and foot, both of which are absent from radula forming tissue. Specialization on functions not present in multiple tissues of our data set (muscle dominates foot, but is also present in mantle) is reflected by more enriched functions and a higher percentage of tissue-specific genes among NUE genes in mantle and radula than in the foot muscle transcriptome. Mantle-specific genes encode proteins involved in biomineralization like tyrosinases, alkaline phosphatases, carbonic anhydrases, and peroxidases, which supports previous studies that identified these genes as essential for shell formation (Aguilera et al. 2014; Feng et al. 2017 ) and discussed them in the context of an ancestral biomineralization toolkit Karakostis et al. 2016; Marin et al. 2016 ).
MBE
Signs of Gene Co-Option for Chitinous Hard Structure Formation in Lophotrochozoa
Although gene expression of radula formative tissue is very distinct, radula expression patterns are much more similar to mantle than to foot expression ( fig. 1 ). Genes uniquely shared between mantle and radula are involved in central processes of shell and radula formation like chitin processing, cell-cell recognition, regulation of gene expression and organization of cell protrusions of the secretory epithelium. Generally, similarities in gene expression between tissues can arise from evolutionarily related cell lineages in both organs (Arendt et al. 2016) or independent co-option of genes into gene regulatory networks. Although the former cannot be entirely excluded, gene co-option appears much more likely in our case given the different developmental origins of mantle and radula, very distinct overall gene expression of the two tissues, and reportedly extensive gene co-option during shell evolution (Aguilera et al. 2017) . Alternatively, it could be argued that some similarity in gene expression is caused by more cell proliferation or cell migration in radula and mantle in comparison to foot muscle. However, these processes alone are unlikely to account for the observed similarities between mantle and radula. Instead, genes overexpressed in both mantle and radula in comparison to foot muscle included central transcription factors such as brachyury (bra) and ets1, which are known for their important roles in cell differentiation (Raouf and Seth 2000; Livingston et al. 2006; Sharma and Ettensohn 2010; Rafiq et al. 2014; Zhu et al. 2016 ).
Although bra is reportedly involved in larval shell field patterning (Lartillot, Lespinet, et al. 2002; Jackson and Degnan 2016) , it is also expressed in multiple other tissues during mollusk development and is thought to play a role in major developmental processes like anteriorposterior axis development (Arendt et al. 2001; Lartillot, Lespinet, et al. 2002) . Little is known about the role of ets1 in mollusks, but in other organisms it is primarily known for its role in cell differentiation including that of cells involved in skeletogenesis in vertebrates and echinoderms (Raouf and Seth 2000; Livingston et al. 2006; Sharma and Ettensohn 2010; Rafiq et al. 2014 ). Additionally, paxb, which is a lophotrochozoan paired box gene of the recently discovered bilaterian paxa/b subfamily (Schmerer et al. 2009; Franke et al. 2015) , was expressed during both radula and shell formation. Although paxb has only been studied in a few organisms, where it is primarily associated with nervous system development (Schmerer et al. 2009; Franke et al. 2015; Scherholz et al. 2017) , it was apparently also employed for the formation of different molluscan innovations and might thus have played a significant role in mollusk evolution. Additional data concerning the role of these genes in mollusks is needed and will help to disentangle the role these genes play in radula and shell formation. Radula-specific genes include transcription factors that most likely reflect the radula's developmental origin from the ventral foregut (Crofts 1937; Ghose 1962) . These transcription factors include foxA, foxL1, and otx, which are involved in lophotrochozoan foregut development (Arendt et al. 2001; Boyle and Seaver 2008; Shimeld et al. 2010; . In contrast, radula-specific genes that were potentially co-opted for hard structure formation include regulatory genes such as aristaless related protein (arx), the notch responsive gene hes1, and structural genes like chitinases, chitin synthases, and hephaestin. All of these are reportedly involved in lophotrochozoan hard structure formation and were employed in brachiopod shell formation, mollusk shell formation and/or annelid chaetae formation (table 2) (Liao et al. 2015; Luo et al. 2015; Schiemann et al. 2017 ). Further, gbx, which is involved in feather bud formation in birds (Obinata and Akimoto 2012) , was recently found to be co-opted from brain regionalization into shell field patterning in mollusks . Based on our expression analyses, gbx was also co-opted into GRNs for radula formation. Additionally, a Lopohotrochozoa-specific chitin synthase with a myosin motor domain (CS-MD) (Zakrzewski et al. 2014) , which is expressed in brachiopod lophophores (Luo et al. 2015) and employed for both brachiopod (Luo et al. 2015) and mollusk shell building (Weiss et al. 2006; Schönitzer and Weiss 2007 ) is also involved in radula formation. CS-MD evolved independently in fungi and Lophotrochozoa (Zakrzewski et al. 2014) , two lineages for which chitinous structures play a pivotal role. Especially within Lophotrochozoa, chitin is employed in a variety of complex structures that include chaetae and spicules, lophophores, jaws of rotifers and annelids, mollusk radulae, tubes of horseshoe worms, and mollusk and brachiopod shells (Peters 1972; Klusemann et al. 1990; Hausen 2005; Weiss et al. 2006; Luo et al. 2015) . It seems compelling that evolution of CS-MD facilitated precise spatial control of chitin synthesis via actin filaments. This molecular innovation may have promoted the evolution of more sophisticated chitin matrices and thus contributed to the evolution of multiple innovations based on such matrices in Lophotrochozoa. Additional studies are needed to further investigate this possibility, but rapidly declining sequencing costs and recent advances in nonmodel Novel Genes, Ancient Genes, and Gene Co-Option . doi:10.1093/molbev/msy052 MBE species gene editing using CRISPR/cas-9 are making this a testable hypothesis.
Novel Orchestration of Preexisting Genes and Evolution of Novel Genes Gave Rise to the Genetic Basis of Radula Formation
The role of novel genes in generating evolutionary innovation has been the subject of recent discussion, and the relative contribution of the former to the latter remains to be investigated (McLysaght and Guerzoni 2015; Babonis et al. 2016; McLysaght and Hurst 2016) . We used phylostratigraphic analyses to investigate when tissue-specific genes first evolved (Domazet-Lo so et al. 2007) . It was previously argued that phylostratigraphic inferences were prone to various biases (McLysaght and Hurst 2016; Moyers and Zhang 2016) , especially underestimating ages of small and fast evolving genes. However, general patterns were recently suggested to be consistent despite the bias introduced by error-prone genes (Domazet-Lo so et al. 2017). It should additionally be pointed out that none of the genes in this analysis are young genes, because lineage specific genes were excluded and the last common ancestor of Tylomelania and Biomphalaria/ Aplysia diverged between 310 and 496 Ma (Kumar et al. 2017) .
Our results indicate that many tissue-specific genes originated long before the evolution of the Mollusca and thus, the radula. As seen in figure 4, a significantly higher than average proportion of radula-specific genes originated during and after the evolution of stem-mollusks. Additionally, mantlespecific and radula-specific genes originated at a significantly lower than average rate during early organismal evolution until the origin of the Eukaryota. Mantle-specific gene origin was only significantly above average in stem-gastropods. In contrast, foot-specific genes never deviated significantly from average gene origin. It should be taken into consideration that foot had fewer specific genes, which decreases the statistical power to detect significant deviation from average gene origin. Nonetheless, origin of foot-specific genes was always closer to background gene origin than at least one of the two other gene sets in all phylostrata except stem-Metazoa. Foot-specific genes were closest to the average whenever both radula-specific and mantle-specific gene origin deviated significantly from the average. Taken together, this indicates that novel orchestration of already existing gene sets in combination with the ongoing evolution of novel genes contributed to the evolution of both the radula and the shell. Here, novel orchestration refers to evolution leading to changes in expression level or combination of pre-existing genes within a GRN, independent of the underlying molecular mechanism. Our results further suggest that novel gene evolution since the last common ancestor of mollusks has played an especially important role for the evolution of the radula.
Proteins encoded by genes with radula-specific expression that were predicted to have originated in stem-Mollusca and stem-Gastropoda are dominated by chitin binding proteins, which occur much less frequently in other gene sets and phylostrata ( fig. 5 and supplementary table 3 , Supplementary Material online). Additionally, EGF-like and delta serrate ligand domains of two radula-specific genes that originated in stem-mollusks indicate that their products bind to notch receptors (supplementary table 3, Supplementary Material online). An important role of the notch signaling pathway in the radula is further supported by the radula-specific Table 2 . Expressed Genes in the Radula and Other Hard Structures As Known from Literature (blue) or As Indicated by This Study (green). MBE expression of the classic notch-responsive gene hes1. Notch signaling regulates cell-fate decisions and tissue patterning in various morphogenic processes including dental development and dental regeneration in vertebrates (Mumm and Kopan 2000; Lai 2004; Gazave et al. 2009; Fraser et al. 2013; Corson et al. 2017; Thiery et al. 2017) . In contrast to comparing overall patterns of gene origin, conclusions based on the origin of single genes should be treated with caution, because predicted gene origin of single sequences may depend on the cutoff E-value or the genomes included in our database. Nonetheless, potentially novel ligands of a likely important morphogenic signaling pathway in the radula represent promising candidates for future in-depth analyses. Taken together, these patterns underline the contribution of novel genes to evolutionary innovations and are in general concordance with results reported for the shell-building mantle secretome (Jackson et al. 2006; Aguilera et al. 2017) . A combination of novel genes and novel orchestration of ancestral gene sets was previously found in other major innovations, including the evolution of muscles, where a core set of muscle proteins already occurred in unicellular organisms (Steinmetz et al. 2012) .
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Conclusions
This study provides a first insight into the genetic basis of radula formation and enlarges the available resources to target molluscan shell formation. Our results support previous findings that novel orchestration of ancient gene sets and evolution of novel genes gave rise to the genetic basis of the shell (Aguilera et al. 2017 ) and suggest similar patterns for the evolution of the molecular underpinnings of the radula. Novel genes, which evolved in and after the last common ancestor of the Mollusca likely played an especially important role for radula evolution. Finally, some genes, like the Lophotrochozoa-specific chitin synthase with a myosin motor domain, were likely co-opted into different GRN for lophotrochozoan hard structure formation. Gene cooption of this molecular innovation potentially contributed to the evolution of multiple morphological innovations across the Lophotrochozoa, including the molluscan radula and shell. In the future, in situ hybridization or similar approaches could be used to localize candidate gene expression in Mollusca and other Lophotrochozoa, and gene editing or knockdown could be employed to examine phenotypic consequences of distorted expression of candidate genes. Additional radula transcriptomes would allow interspecific comparisons, while radula transcriptomes from limpets or polyplacophorans would further allow investigating whether genes involved in shell biomineralization are also employed for radula biomineralization in these clades. Last but not least, our results can be used as a valuable resource to target the genetic changes that underlie rapid radula and shell diversification during the adaptive radiation of Tylomelania. Comparative transcriptomic analyses between the radula-morphs of Tylomelania sarasinorum appear especially promising for gaining insight into radula shape diversification.
Materials and Methods
Animal and Tissue Collection
Adult specimens of Tylomelania sarasinorum were collected from submerged wood by a snorkeler in March 2015 at the northern shore of Loeha Island (Lake Towuti, South Sulawesi, Indonesia; 2.76075 S 121.5586 E). Animals were dissected in the field, and tissue samples of distal radular sack (supplementary fig. 1, Supplementary Material online) , mantle edge, and foot muscle were directly stored in RNAlater to ensure efficient RNA preservation. T. sarasinorum occurs on wood and rock surfaces, and exhibits a pronounced substrate correlated radula polymorphism (von Rintelen et al. 2007; Glaubrecht and von Rintelen 2008) . To avoid confounding factors caused by this radula polymorphism, radula morphs of all individuals were inspected, and only wood morph individuals were chosen for further experiments.
Sample Preparation and Sequencing
To increase the amount of tissue for RNA extraction and to reduce noise in expression analysis due to anatomically heterogeneous sampling and/or different state of individual tooth production, 19 individuals of T. sarasinorum were grouped into three pools of five and one pool of four indi- . In other words, each of the four pools was made up of similar amounts of tissue from a defined group of specimens, irrespective of which tissue was sampled. Samples were homogenized with a Precellys Minilys, and total RNA was extracted from mantle edge and radula formative tissue using a customized protocol of the RNeasy Plus Micro Kit (Qiagen). Specifically, to increase total RNA yield from minute amounts of tissue, homogenization was conducted in 150 ml lysis buffer, which was subsequently diluted to enable further digestion with proteinase K. After proteinase digestion, 450 ml lysis buffer was added to allow efficient DNA removal with gDNA spin columns. Since larger amounts of foot tissue were available, RNA was extracted from foot muscle with a TRIzol extraction according to the manufacturer's protocol. Amount and quality of extracted total RNA was inspected using Agilent's 2100 Bioanalyzer. Samples showed no signs of degradation or DNA contamination. RNA integrity (RIN) estimates were not applicable due to the presence of a so called "hidden break," which led to a sharp 18S band, but a much reduced or lacking 28S rRNA peak in our samples. This effect is known from many protostomes (Gayral et al. 2011) and was recently also observed in the cone snail Conus episcopatus (Lavergne et al. 2015) . Messenger RNA was enriched with poly (A) capture using NEXTflex Poly (A) Beads, and strand-specific libraries were built using NEXTflex Rapid Illumina Directional RNA-Seq Library Prep Kit (Bioo Scientific) with modifications suggested in Sultan et al. (2012) . Quality and concentrations of libraries were evaluated using Agilent's 2100 Bioanalyzer Novel Genes, Ancient Genes, and Gene Co-Option . doi:10.1093/molbev/msy052 MBE and qPCR (Kapa qPCR High Sensitivity Kit). Libraries had average fragment sizes between 450 and 500 bp and were sequenced (150 bp, paired end) on an illumina NextSeq sequencing platform at the Berlin Center for Genomics in Biodiversity research (BeGenDiv).
Sequence Preprocessing, Assembly, and Quality Assessment
Raw sequences were quality trimmed with a quality threshold of 30, minimum read length of 25 bp, and removing all N using sickle (Joshi and Fass 2011) . Subsequent removal of adapter sequences with cutadapt (Martin 2011 ) generated 493 million paired end reads (supplementary table 1, Supplementary Material online). Trinity v2.1.1 (Grabherr et al. 2011; Haas et al. 2013 ) was run in strand-specific mode with a minimal transcript length of 250 bp, in silico read normalization (max. read coverage ¼ 50), and 2-fold minimal kmer coverage to generate a single assembly of all tissues. General assembly statistics, including number and length distribution of contigs, were assessed with the script included in the trinity pipeline. BUSCO v1.1b1 (Simão et al. 2015) was employed to search for a set of single copy orthologs that are conserved among metazoans to get an estimate of transcriptome completeness and redundancy.
Expression Analysis and Assembly Filtering
Gene expression analysis was performed using the pipeline included in Trinity v2.1.1 (Grabherr et al. 2011; Haas et al. 2013) . Briefly, quality-filtered adapter trimmed reads of each sample were mapped to the transcriptome using bowtie2 (Langmead et al. 2009 ), followed by abundance estimation with RSEM (Li and Dewey 2011) . Ribosomal RNA (rRNA) was identified using a BLAST search of 28S rRNA (Brotia pagodula; HM229688.1) and 18S rRNA (Stenomelania crenulata; AB920318.1), and the best hits with the highest number of mapped reads were removed from the read count matrices. Abundance of rRNA mostly reflected polyA capture success, and sample correlation between biological replicates increased when rRNA was removed from the expression data set. A principal component analysis (PCA) and hierarchical clustering was performed with the log 2 transformed counts per million mapped reads (cpm) for all samples to inspect data integrity. Pool1 radula and pool1 mantle were identified as outliers using the above-mentioned methods (supplementary fig. 3, Supplementary Material online) . This was most likely due to a combination of deeper sequencing of pool1 (supplementary table 1, Supplementary Material online) and lower yield of total RNA, which led to a decrease in library complexity. Since pool1 was further sequenced separately, a batch effect could also not be excluded. Thus, all tissue samples of pool1 were removed from expression analyses. Transcripts were subsequently filtered by expression (FPKM ! 1, i.e., one mapped fragment per kilobase of transcript per million mapped reads) based on the nine remaining samples using the script provided in the Trinity pipeline. To reduce redundancy within our data set, the longest isoforms of all "trinity genes" (sequences with gene level assigned by Trinity) were clustered based on sequence similarity (97% sequence identity threshold; 90% minimum alignment coverage of the shorter sequence) with CD-HIT version 4.6 (Li and Godzik 2006) , and the longest transcript of each cluster was retained. Quality filtered, adapter trimmed reads were remapped to the remaining transcripts. Following this reduction of redundancy, transcripts with very low expression (FPKM ! 1) were again removed to create a new final assembly. Differentially expressed genes (P 10
À5
; FC ! 4) were determined using edgeR (Robinson et al. 2010) . Hierarchical clustering was performed to group differentially expressed genes based on their expression pattern. The hierarchical clustering tree was cut at 50% of its height to group differentially expressed genes into clusters based on expression patterns across all tissues.
Annotation
The Trinotate annotation pipeline (v3.0.1) was used to functionally annotate the longest isoform of each gene in the assembly. Specifically, the custom Swissprot and Pfam database files were downloaded from the Trinotate website (https://trinotate.github.io/) and used for homology searches. In addition, transmembrane regions and signal peptides were predicted using TmHmm and Signalp, respectively. All results were imported into the Trinotate-SQLite database, and the annotation report for the transcriptome was generated using default parameters.
To manually verify T. sarasinorum genes mentioned by name in this manuscript, T. sarasinorum open reading frames were compared against the UniProt database (fungi, human, invertebrate, mammals, rodents, and vertebrate divisions of Swiss-Prot and TrEMBL) using BLASTP. Up to ten best hits with an E-value of 10 À10 or lower for which the alignment covered at least 60% of the database sequence were collected. Query-and database sequences fulfiling these requirements were aligned using MAFFT and used to confirm gene identities.
Gene Ontology Enrichment GO (Gene Ontology) enrichment analyses were carried out to determine dominant functions in differentially expressed gene clusters. Gene ontology assignments and parental terms were extracted for all genes expressed at FPKM ! 1 from the Trinotate annotation report using a script included in the Trinotate-2.0.2 pipeline. Enriched gene ontologies were identified for each cluster using GOseq (Young et al. 2010) . Significantly enriched gene ontologies of each cluster with a false discovery rate (FDR) 0.05 were summarized and redundant terms removed (allowed similarity: 0.5) with REVIGO (Supek et al. 2011 ).
Tissue-Specific Gene Identification and Evolution
Tissue-specific genes were determined, based on their expression across the three tissues included in this study. Genes with a minimal expression of FPKM ! 1 in all biological replicates of one tissue that were overexpressed with a fold change (FC) ! 32 and P 10 À10 against both other tissues were termed "tissue-specific." A subset of these genes was named "strictly tissue-specific," if they were differentially expressed Hilgers et al. . doi:10.1093/molbev/msy052 MBE with a FC ! 32 and P 10 À100 against both other tissues, while their expression was FPKM ! 2 in all biological replicates of one tissue and FPKM < 1 in all other samples. Genes with a minimal expression of FPKM ¼ 1 in radula and mantle that were overexpressed in both radula and mantle tissue in comparison to foot muscle with a FDR < 10 À5 and a FC of at least 4, were identified as likely employed for both radula and shell formation.
To determine the time of origin of tissue-specific genes, putative homologs were identified using a BLASTX search (E-value ¼ 10
À10
) against predicted proteins of annotated genomes (species [phylum; phylostratum; GenBank/NCBI accession number]) of Biomphalaria glabrata (Mollusca; Gastropoda; APKA00000000.1), Aplysia californica (Mollusca; Gastropoda; AASC00000000.3), Lottia gigantea (Mollusca; Gastropoda; NZ_AMQO00000000.1), Crassostrea gigas (Mollusca; Mollusca; AFTI00000000.1), Octopus bimaculoides (Mollusca; Mollusca; LGKD00000000.1), Capitella teleta (Annelida, Lophotrochozoa; AMQN00000000.1), Lingula anatina (Brachiopoda; Lophotrochozoa; LFEI00000000.1), Drosophila melanogaster (Arthropoda; Protostomia; GCA_ 000001215.4); Daphnia pulex (Arthropoda; Protostomia; ACJG00000000.1), Takifugu rubripes (Chordata; Bilateria; CAAB00000000.2), Branchiostoma floridae (Chordata; Bilateria; ABEP00000000.2), Ciona intestinalis (Chordata; Bilateria; GCA_000224145.2), Strongylocentrotus purpuratus (Echinodermata; Bilateria; AAGJ00000000.5), Amphimedon queenslandica (Porifera; Metazoa; ACUQ00000000.1), Agaricus bisporus (Basidiomycota; Opisthokonta; GCA_ 000300575.2), Saccharomyces cerevisiae (Ascomycota; Opisthokonta; GCA_000146045.2), Paramecium tetraurelia (Ciliophora; Eukaryota; CAAL00000000.1), Arabidopsis thaliana (Tracheophyta; Eukaryota; GCA_000001735.1), Phaeodactylum tricornutum (Stramenopiles; Eukaryota; ABQD00000000.1), Methanobrevibacter smithii (Euryarchaeota; Cellular life; GCA_000016525.1), and Escherichia coli (Proteobacteria; Cellular life; GCA_000005845.2). If putative homologs were identified in any of these species, it was assumed that the last common ancestor of Tylomelania and the respective species already possessed a copy of this gene. The same procedure was carried out with all genes in our final assembly to obtain a measure of background gene origin. A twotailed hypergeometric test with Bonferroni correction was employed to test whether gene evolution of each tissue-specific gene set differed significantly from background gene origin in each of the phylostrata. Since Bonferroni correction is a relatively strict correction for multiple testing, we also calculated the false discovery rate as measure of significance. The two-tailed hypergeometric test with both corrections for multiple testing was calculated using the R script provided by Domazet-Lo so et al. (2017) . We chose to focus our analyses on genes for which at least one significant BLASTX hit was returned, since our transcriptome included too many sequences that were assigned gene status, and assembly errors like fragmented or chimeric transcripts together with transcription of intergenic regions would falsely inflate the number of lineage-specific genes. The likelihood of such errors is dependent on expression level, repetitive regions and other features that complicate correct assembly, and which are further likely to differ between tissue-specific gene sets. Thus, although the differing rates of putative homologs found for genes of different gene sets indicated different rates of gene origin leading to Tylomelania, there was no reliable measure to assess to what degree this was a true signal. Genomes or comparable transcriptomes of more closely related species will allow insight into gene origin of younger genes in future studies.
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